Over the past several decades, many acoustic markers have been proposed to be sensitive to and measure overall voice quality. This meta-analysis presents a retrospective appraisal of scientific reports, which evaluated the relation between perceived overall voice quality and several acoustic-phonetic correlates. Twenty-five studies met the inclusion criteria and were evaluated using meta-analytic techniques. Correlation coefficients between perceptual judgments and acoustic measures were computed. Where more than one correlation coefficient for a specific acoustic marker was available, a weighted average correlation coefficient was calculated. This was the case in 36 acoustic measures on sustained vowels and in 3 measures on continuous speech. Acoustic measures were ranked according to the strength of the correlation with perceptual voice quality ratings. Acoustic markers with more than one correlation value available in literature and yielding a homogeneous weighted r of 0.60 or above were considered to be superior. The meta-analysis identified four measures that met these criteria in sustained vowels and three measures in continuous speech. Although acoustic measures are routinely utilized in clinical voice examinations, the results of this meta-analysis suggest that caution is warranted regarding the concurrent validity and thus the clinical utility of many of these measures.
I. INTRODUCTION
Evaluation of voice quality is considered an essential but controversial part of the assessment process in the field of voice pathology. In clinical as well as in research settings, two main approaches exist to describe the perceived severity of a voice disorder ͑Kreiman and Gerratt, 2000a͒. First, generic and/or global ratings such as "overall voice quality," also known as "G" ͑for "grade"͒, "severity of voice disorder," "severity of dysphonia," "overall abnormality," and "overall severity" have been used to capture a composite perceptual judgment of the degree of the perceived dysphonia. In contrast, other voice quality ratings pertain to single and very specific perceptual dimensions, the best known of which are roughness and breathiness. Recent evidence has suggested that perceptual rating of overall voice quality and other more specific perceptual dimensions is difficult, as such judgments depend on the listener's internal standard or scale for voice quality dimensions, on his/her sensitivity for this particular dimension, on fatigue, attention, exposure to various disordered voices, and training in perceptual evaluation of voice quality ͑Kreiman et al., 1993; Eadie and Baylor, 2006͒ . Furthermore, other aspects of voice quality judgments, such as type and range of the scale ͑Bele, 2005; Eadie and Doyle, 2002͒, or the type of sample to be evaluated, such as sustained vowel versus continuous speech ͑Bele, 2005; Zraick et al., 2005; Eadie and Baylor, 2006͒ , can significantly affect the perceptual evaluation of voice quality.
In spite of these listener-related and other potential biases, many researchers have tried to correlate the outcome of acoustic-phonetic measures to vocal quality ratings and dysphonia severity. The replacement of analog recording systems with digital recording systems, the availability of automated analysis algorithms, and the non-invasiveness of acoustic measures, combined with the fact that acoustic parameters provide easy quantification of dysphonia improvement during the treatment process, have led to considerable interest in clinical voice quality measurement using acoustic analysis techniques.
In this regard, the correlation coefficient has emerged as the most frequently used index to determine the extent of the relationship or effect size between acoustic measures and listener judgments of dysphonia severity. The correlation coefficient as a measure of effect size measures the strength and direction of a linear relationship between two variables. In the voice quality literature, perceived overall voice quality is treated as the dependent variable with the objective acoustic measure treated as the independent variable. The degree of the linear relationship between dependent and independent variables ͑i.e., correlation͒ counts as an indication of validity, or the extent to which the score of a measurement ͑i.e., the acoustic parameter͒ can be regarded as a valid measure of the dependent variable ͑i.e., the perceptual rating͒. Consequently, the higher the absolute correlation coefficient, the more the acoustic measure is said to reflect the perception of overall voice quality, and vice versa. The correlation coefficient is thus an important and frequently used statistic in voice quality research, especially to validate acoustic measures.
Although the correlation coefficient is a frequent metric to assess the strength of the acoustic-perceptual relationship, at least 60 possible acoustic determinants of overall voice quality with varying predictive power have been identified in literature over the past 4 decades. Buder ͑2000͒ proposed a taxonomy of 15 signal processing-based categories to help manage the wide array of acoustic measures. The large numbers of studies reviewed by Buder ͑2000͒ clearly differ substantially in the number of participants and the magnitude of correlation with perceptual judgments of voice quality. Furthermore, the signal processing strategies vary from classic spectrography to sophisticated statistics on sound wave microstructure. Whereas some authors examined the predictive power of resonance-based aspects, the majority of investigators focused on glottal rather than on supraglottal phenomena, seeking correlates of overall voice quality in the distribution of fundamental frequency, in waveform perturbations, in various spectral parameters ͑including cepstral coefficients and noise content of the glottal sound source͒, in glottal air flow models obtained by inverse filtering, or in models based on non-linear dynamics theory.
Although an impressive body of research exists, which ostensibly assesses the utility of acoustic measurement to quantify voice quality and dysphonia severity, procedural differences in type and number of acoustic predictors, type of recorded material, analysis equipment, and measurement scales have made it almost impossible to qualitatively appraise the merits of these studies, and precisely define a subset of the most robust and sensitive acoustic measures. One approach to this seemingly intractable problem is to apply meta-analytic techniques. Meta-analysis refers to "the analysis of analyses," and is a statistical technique for amalgamating, summarizing, and reviewing previous quantitative research. Unlike traditional research methods, meta-analysis uses the summary statistics from individual studies as the data points for the purpose of integrating the findings. A key assumption of this analysis approach is that each study provides a different estimate of the underlying relationship within the population. By accumulating results across studies, one can gain a more accurate representation of the population relationship than is provided by the individual study estimators. In this way, meta-analyses permit confidence that the reported results are based on more than one study that found the same result ͑Frey et al., 1991; Lipsey and Wilson, 2001͒. Meta-analysis reviews findings in terms of effect sizes. Defining an effect size statistic that adequately represents the quantitative findings of an assortment of research reports in a standardized profile is essential to meta-analysis, as it permits meaningful numerical comparison and analysis ͑Lipsey and Wilson, 2001͒. The effect size provides information about the magnitude of the relationships observed across all studies and for subsets of studies. By treating individual correlation coefficients as indicators of effect size, meta-analysis can regroup study outcomes into homogeneous subsets and establish population effect sizes. The population effect size, i.e., the real relationship between an independent variable ͑a specific acoustic measure͒ and the dependent variable ͑a voice severity rating͒, is estimated by a "weighted" average of all correlations available for a particular acoustic marker. In addition to defining a weighted average of all effect sizes ͑i.e., correlation coefficients͒ in a meta-analysis, it is also important to know whether or not the various effect sizes all estimate the same population effect size. This is a question of homogeneity ͑or heterogeneity͒ of the effect size distribution, and a population effect size can only be interpreted reliably if the underlying data set is sufficiently homogeneous ͑Hunter et al., 1982͒. When the variability of effect sizes around their weighted mean is no larger than the dispersion expected from sampling error alone, the effect size distribution is considered to be homogeneous. By comparison, in a heterogeneous distribution, individual effect sizes differ from the weighted mean by more than the sampling error ͑Lipsey and Wilson, 2001͒. Multiple correlation coefficients resulting in a homogeneous weighted mean correlation are considered to confirm each other, thereby increasing the generalizability of the findings.
Given the large body of research that relates acoustic measures to voice quality ratings, meta-analysis techniques can potentially reduce information overload, and distill this large literature into a manageable and/or tractable set of conclusions. Therefore, the aim of this meta-analysis is twofold: ͑1͒ to retrospectively appraise the acoustic-phonetic markers for overall voice quality ͑e.g., dysphonia severity͒ and ͑2͒ to establish population relationship estimates for several acoustic measures.
II. METHOD
In most research on assessment of voice quality, measurements have been completed on sustained vowels as compared to continuous speech. This preference for sustained vowels over continuous speech in acoustic as well as perceptual measurements of voice quality has been motivated by several factors ͑Askenfelt and Hammarberg, 1986; Parsa and Jamieson, 2001͒, such as follows: ͑a͒ sustained vowels represent relatively time-invariant vocal phonation whereas continuous speech involves quick and continuous alterations of glottal and supraglottal mechanisms; ͑b͒ in contrast to continuous speech, sustained mid-vowel segments do not contain non-voiced phonemes, rapid voice onsets and offsets, or prosodic fundamental frequency and amplitude fluctuations; and ͑c͒ sustained vowels are not affected by speech rate, vocal pauses, phonetic context, and stress. However, sustained vowels may lack representation of daily speech and voice ͑Parsa and Jamieson, 2001; Eadie and Baylor, 2006͒, and continuous speech potentially contains perceptual cues, which are often considered to be decisive in vocal quality evaluations ͑Askenfelt and Hammarberg, 1986͒. Since both sample types offer valuable information in voice quality measurements, the present meta-analysis focused on studies of sustained vowels as well as connected speech.
A. Search strategy
Relevant scientific reports were identified by a systematic electronic search of the Medline database and the corpus of online publications by the American Speech-LanguageHearing Association. The combination of ͑a͒ keywords referring to composite perceptual voice evaluations and ͑b͒ keywords related to the concepts of measuring by means of acoustic markers was used as a guide. Using information derived from the titles and abstracts, an initial set of pertinent articles was generated. Subsequently, a manual search for references in relevant literature sources was launched using the same guide. This manual search started from the sources cited in the initial set of articles garnered from the electronic search and from periodicals, book chapters, and various bibliographies likely to contain relevant references and texts.
B. Inclusion and exclusion of literature sources
In order to be included, a study had to report sufficient mathematical detail on bivariate correlation coefficients establishing the relation between perceptual overall voice quality ratings of sustained vowels or continuous speech ͑the dependent variable͒ and one or more acoustic parameters derived from the same samples ͑the independent variables͒. Studies citing relevant correlation coefficients were included, whether or not significance levels were reported, and every study describing auditory-perceptual ratings of overall quality ͑e.g., dysphonia severity͒ was included, regardless of the type of rating scale used.
Investigations of acoustic correlates of specific perceptual dimensions such as breathiness and roughness were not included in the meta-analysis, as the present study concentrated on "composite" or "global" overall voice quality correlates. Furthermore, reports on non-acoustic or nonobjective correlates, such as aerodynamic measures or electroglottographic parameters, were also excluded, as well as studies dealing with the relationship between the auditoryperceptual evaluation of overall voice quality and its visualperceptual representation in narrowband spectrograms. Furthermore, since the present study aimed to focus on acousticauditory determinants of dysphonia severity, studies investigating the correlation between objective acoustic measures and visual inspection of spectrograms or other diagrams were excluded. Also, reports on parameters derived from synthesized vowel samples were not included in this study. Reports lacking sufficient quantitative and critical information, such as number of subjects or type of samples, were also excluded.
Methodological articles related exclusively to the use and development of perceptual rating scales or acoustic algorithms, which did not provide inferential statistics on the validity of the acoustic measure͑s͒, were also excluded. Studies appraising the diagnostic value of acoustic parameters ͑i.e., the power of a diagnostic tool to discriminate between presence or absence of a voice disorder͒, expressed as sensitivity, specificity, positive predictive value, negative predictive, and/or area under the receiver operating characteristic ͑ROC͒ curve, or outcomes of studies based on comparative statistics between normal and pathologic voices, as expressed in chi-square tests, Mann-Whitney U tests, t tests, etc., were not included, because the present study concentrated on the correlation coefficient as population effect size.
In addition, reports on multivariate analyses were excluded, unless bivariate ͑zero-order͒ correlation coefficients were clearly identified ͑as in Yu et al., 2001; Eadie and Baylor, 2006; Ma and Yiu, 2006͒ . The reason for excluding multiple regression studies is based on the assumption that some independent variables are dropped from the initial set of possible predictors as a result of co-linearity. A relevant independent variable, correlating well with the dependent variable, may be dropped when, in the presence of other independent variables, it does not substantially increase the amount of variance explained. This phenomenon makes it difficult to assess the separate contribution of each independent variable to the measurement of the dependent variable. Moreover, the algorithm of a multiple regression not only looks for a parsimonious equation, but also gives each remaining independent marker a coefficient that can only be interpreted in combination with the particular set of remaining independent markers in the rest of the equation. As a consequence, we had to exclude study results using multivariate statistics from the meta-analysis.
Finally, reliability of the auditory-perceptual ratings of voice quality, as an index on which an acoustic measure is validated, is also an important consideration ͑Kreiman and Gerratt, 2000a Gerratt, , 2000b Kreiman et al., 2007͒ . Reliability of auditory-perceptual ratings is traditionally described in terms of within and between listener reliability, consistency, agreement, or concordance. Such intra-and interrater reliability is considered an important prerequisite for validity. High reliability clearly and precisely defines the perceptual construct to be measured by an acoustic parameter. In contrast, listener unreliability increases "non-experimental" or "error" variance, thereby reducing the true variance in the perceptual construct that is to be accounted for by the acoustic measure. Thus, the increase in error variance due to listener unreliability should decrease the concurrent validity of the acoustic measure, as evaluated by a correlation coefficient. In single experiments, acceptable rater reliability is often considered an essential prerequisite before attempting to assess an acoustic measure's worth in estimating overall voice quality. However, across studies, many statistics have been used to measure rater reliability, for instance, Pearson's productmoment correlation coefficient, Cohen's kappa correlation coefficient, Cronbach's alpha correlation coefficient, and intraclass correlation coefficient, to mention only a few. Given the large number of studies reviewed in this meta-analysis, each using a variety of listeners ͑with differing levels of experience and training͒, and different scales with various interpretation guidelines so as to determine "adequate" reliability, we elected to treat listener reliability as a nuisance variable, and to not exclude any studies solely on the basis of their estimates of listener reliability. This decision is predicated on the assumption that listener unreliability essentially contributes to error variance, and necessarily attenuates any investigator's ability to identify significant correlations between listener ratings and specific acoustic measures. By treating listener reliability/unreliability as a nuisance variable, one that would necessarily vary between studies and differentially contribute to error variance, we assumed that across studies, the most compelling acoustic-perceptual relationships would eventually surface, having survived the potentially attenuating effects of listener unreliability.
Analogous to the listener reliability/unreliability, we also elected to treat between-study differences in data acquisition and processing methodology as a nuisance variable. Variety in room acoustics, microphone type and placement, software, analysis algorithms, etc., also creates error variance, and similarly decreases the variance in the perceptual construct that is to be explained by the acoustic measure. The large number of studies, each with its own acoustical configuration and hardware and software settings, clearly limits our ability to directly compare the outcomes of the studies. However, a guiding principle of meta-analysis is that the consistency of the significant results/conclusions across studies is paramount, and robust relationships should withstand such methodological "noise" ͑regardless of the source of the noise, e.g., listener unreliability, recording instrumentation and surroundings, computer software, etc͒. We therefore elected to consider methodological variations in recording conditions/ settings, data acquisition and analysis algorithms, etc., as additional sources of error variance, and an inherent limitation of the meta-analysis. On the other hand, acoustic measures that yield consistent outcomes across a variety of study methods can be considered especially robust. As such, the inclusion of studies with varying methodology is considered advantageous in the present meta-analysis.
Originally, 85 reports were considered. Based on the aforementioned inclusion and exclusion criteria, however, many reports were excluded, producing a final corpus of 25 studies on which the meta-analysis was performed. Twentyone studies involved measurements on sustained vowel samples ͑methodological aspects of these studies are summarized in Table I͒ . Seven studies involved measurement on continuous speech samples ͑methodological aspects of these studies are similarly summarized in Table II͒ . However, 3 studies contained information on both continuous speech and sustained vowels ͑Heman- Ackah et al., 2002; Halberstam, 2004; Eadie and Baylor, 2006͒ , thus leaving a total of 25 studies ͑i.e., 28−3=25͒.
From these studies, a list of acoustic measures was generated. Subsequently, the measures were organized based on their description in the Method section of the original publication. The tabulation of Buder ͑2000͒ was chosen only as a loose framework to group the measures. Buder's ͑2000͒ tabulation was the first compilation of acoustic voice measures, as it presented a complete overview of acoustic measures in a comprehensive and consistently structured manner. It therefore served as a basis on which the measures of this meta-analysis were considered to be similar or different. In studies that analyzed sustained vowels, there were 69 acoustic markers identified, whereas in the connected speech studies, 26 acoustic measures were reported. Eighty-seven acoustic markers have been identified as measures of overall voice quality in the included studies. Table III lists these acoustic measures alphabetically and provides ͑for every measure͒ references expanding on the rationale and the digital signal processing underlying the measure.
C. Statistical analysis
Quantitative data from the selected scientific reports were analyzed using statistical software packages for personal computers, including Microsoft Office Excel 2003 and Meta-Analysis Programs version 5.3 ͑Ralf Schwarzer, Department of Psychology, Freie Universität Berlin, Germany͒. Meta-analyses on correlation coefficients according to the Schmidt-Hunter method ͑Hunter et al., 1982͒ were performed on all acoustic voice quality correlates for which more than one effect size was available. This method is based on four statistics. The first statistic is the number of effect sizes ͑k͒ or the number of available bivariate correlation coefficients for a given acoustic measure. The second statistic is the total number of subjects ͑N͒. The third statistic is the population effect size or the weighted mean correlation coefficient ͑r w ͒. Correlation coefficients based on studies with large sample sizes digress less from the population effect size and therefore more weight is assigned to large N effect sizes ͑Hunter et al., 1982͒. If only one effect size is reported, a weighted effect size cannot be calculated. In this case, there is no meta-analysis and the discussion is based on the initial and solitary r-value. While there is no firm criterion or universal consensus for evaluating the magnitude of correlation coefficients ͑Frey et al., 1991͒, we chose a corre-lation coefficient ͑r or r w ͒ of 0.60 as the cutoff to distinguish between strong and weak acoustic markers. Following the guidelines established by Franzblau ͑1958͒, this threshold intends to separate a "moderate" degree of correlation from a "marked" degree of correlation. It should be acknowledged, however, that other interpretations have been proposed, including Frey et al. ͑1991͒, for example, who recommended r of 0.70 to distinguish between moderate and marked correlations. We selected a less stringent correlation coefficient r = 0.60 in light of our decision to treat listener unreliability and methodological/procedural differences as sources of error variance, which would potentially attenuate the strength of reported bivariate correlations across studies. The fourth statistic relates to the homogeneity or heterogeneity of the effect sizes. A population effect size can only be interpreted reliably if the underlying data set is sufficiently homogeneous ͑Hunter et al., 1982͒. Here one can rely on several indicators: ͑1͒ the residual standard deviation, ͑2͒ the percentage of observed variance accounted for by the sampling error, and ͑3͒ the chi-square value. However, the preferred index for homogeneity is the population variance or its square root, called residual standard deviation ͑SD res ͒. This indicator, SD res , is the variance left after the sampling error has been subtracted ͑Hunter et al., 1982͒. Ideally, SD res equals zero, meaning that all the observed variance is accounted for by sampling error and that the data set of correlations is completely homogeneous. If the analysis, however, failed to identify a source of systematic variation in the data, SD res is indicative of heterogeneity. As a rule of thumb, a set of effect sizes can be considered homogeneous when SD res is less than 
III. RESULTS

A. Sustained vowels
Twenty-one studies meeting the selection criteria were identified; the majority originated from the Journal of TABLE I. Methodological features ͑number of subjects, type of voice recording, and organization and reliability of the perceptual ratings͒ of the 21 chronologically ordered studies included in this meta-analysis on sustained vowels. Relevant information concerning the methodology of the reports that were included in the meta-analysis can be found in Table I . All 21 studies reported on pathologic or dysphonic voices; however, only 8 studies also contained normal voices. The mean number of dysphonic voice samples was 115 ͑range 9-943͒. For the normal voices, the mean number was 34 ͑range 3-98͒. The total number of subjects was 116 on average and ranged from 12 to 943. In these studies, 146 distinct effect sizes ͑i.e., correlation coefficients͒ were reported, pertaining to 69 different acoustic measures as displayed in Table IV . All acoustic parameters and data on sustained vowels were extracted from the central portion of the recordings. The length of the mid-vowel segment varied from 0.1 to 3 s with a mean duration of 1.5 s. 1 s was the modal duration, occurring in 50% of the studies ͑the duration was not specified in three studies͒. The vowels ͓a:͔, ͓i:͔, and ͓e:͔ were analyzed in 86%, 19%, and 10% of the studies, respectively. Substantial differences existed among the data acquisition systems that were used, which could potentially influence the outcome of acoustic measurements. For instance, recording equipment ͑e.g., type of microphone and microphone location relative to the sound source, and type of hardware͒, processing algorithms, measurement algorithms, and software settings such as sampling rate or method of fundamental period extraction varied among the studies and have been demonstrated to influence the outcome of acoustic measurements, particularly the outcomes of perturbation measures.
For the perceptual experiments, the number of judges ranged from 1 to 22, with a mean value of 8. The rating scale used was typically an equal-appearing interval scale, using 4, 5, or 7 points in 38%, 10%, and 33% of studies, respectively. In two studies ͑Wolfe et al., 1997; Yu et al., 2007͒, a visual analog scale was used. In Gorham-Rowan and Laures-Gore, 2006 a free modulus magnitude estimation paradigm was used. A variety of perceptual labels were used including hoarseness, G ͑from grade͒, severity of voice disorder, severity of dysphonia, overall abnormality, overall severity, overall severity of hoarseness, abnormality, and overall voice quality. A variety of estimates of inter-and intrajudge reliability estimates were used ͑see table entries͒. As mentioned previously, the variety and range of methods to determine reliability hamper comparisons between studies. In general, intrajudge reliability fluctuated from rather low, as in Dejonckere and Wieneke, 1996 and Gorham-Rowan and LauresGore, 2006 , to very high, as in Wolfe et al., 1995 and Prosek et al., 1987 . Similar variability was observed for interjudge reliability.
Meta-analysis on correlation coefficients
The results of the meta-analysis on sustained vowels are summarized in Table IV and Fig. 1 . For 33 of the 69 acoustics measures ͑48%͒, there was only 1 correlation coefficient available and, consequently, no weighted mean correlation coefficient could be determined. For the remaining 36 acoustic determinants ͑52%͒, there was more than 1 correlation coefficient and the k-values ranged from 2 to 7. The most frequently investigated parameters were noise-to-harmonics ratio ͑NHR͒ from multi-dimensional voice program ͑MDVP͒ ͑k =7͒, and the vocal perturbation measures amplitude perturbation quotient, percent jitter, and percent shimmer ͑k =6͒. For these 36 markers, a r w was calculated with MetaAnalysis Programs version 5.3. The organization of the meta-analysis on acoustic measures on sustained vowels is illustrated in Fig. 1 . In the first subset there were 52 of the 69 acoustic measures on sustained vowels with a ͑weighted͒ correlation coefficient below 0.60. Weighted correlation coefficients ranged from 0.11 for coefficient of excess and voice turbulence index to 0.56 for amplitude perturbation quotient of residuals and harmonic-to-noise ratio from Yumoto. In this subset, there were 32 markers with a k-value of 2 or more. The SD res statistics indicated heterogeneity for eight measures. For the remaining 24 acoustic correlates with r w Ͻ 0.60 and k Ն 2, SD res statistics showed homogeneity. The second subset consisted of 17 acoustic measures with a ͑weighted͒ effect size equal to or above 0.60. In this subset of 17 measures, there were 4 markers with a k-value of 2 or more. Weighted correlation coefficients ranged from 0.62 for smoothed cepstral peak prominence to 0.75 for pitch amplitude. Statistical homogeneity testing ͑SD res ͒ indicated that these four r w -values were based on a set of homogeneous effect sizes, indicating that these effect sizes are consistently equal to or above 0.60 ͑smoothed cepstral peak prominence: r w = 0.62, spectral flatness of residue signal: r w = 0.69, Pearson r at autocorrelation peak: r w = 0.74, and pitch amplitude: r w = 0.75͒.
B. Continuous speech
Seven studies using continuous speech samples met the inclusion criteria of this meta-analysis. These studies were published in Journal of Voice ͑4͒, Journal of Speech (Language) and Hearing Research ͑1͒, Journal of the Acoustical Society of America ͑1͒, and ORL ͑1͒. As shown in Table V , there were 29 separate effect sizes pertaining to 26 distinct acoustic measures. Relevant information regarding the methodology of these seven reports is found in Table II . Whereas all seven studies used pathologic or dysphonic voice samples, only three studies also investigated normal voices. The mean number of dysphonic voice samples was 50 ͑range 9-112͒. For the normal voices, the mean number was 7 ͑range 3-41͒. The mean number of subjects was 57 ͑range 12-153͒. All acoustic measures were extracted from recordings of continuous speech, most often from speakers reading from a text. With the exception of Askenfelt and Hammarberg ͑1986͒ and Ma and Yiu ͑2006͒, the so-called "rainbow passage" was read aloud and a portion ͑typically the second sentence͒ was extracted for further analysis. As for auditory-perceptual evaluation, the mean number of judges employed across studies was 7 ͑range 2-16͒. In four studies the rating scale was an equal-appearing interval scale with 4, 6, 7, or 11 points. In two studies ͑Qi et al., 1999; Eadie and Baylor, 2006͒, a visual analog scale was used. In another study ͑Eadie and Doyle, 2005͒, direct magnitude estimation was used. The following labels were used to designate the perceptual construct that was to be evaluated: hoarseness, G ͑for grade͒, overall severity, and overall voice quality. Estimates of reliability of listener judgments included two types of statistics: Pearson's product-moment correlation coefficient and Cronbach's coefficient alpha. To evaluate intrajudge reliability, Pearson's r-values were uniformly reported. Where a range of r-values was given ͑Askenfelt and Hammarberg, 1986; Qi et al., 1999; Eadie and Baylor, 2006͒ , the lowest r-value was chosen to calculate a weighted average of intrajudge correlation across reports ͑Table II͒. The intrajudge r w was 0.81, which is indicative of homogeneous intrajudge reliability. It appears that listeners were generally consistent in their perceptual evaluations of continuous speech. Regarding interjudge reliability, only three studies provided a Pearson's r-value. Metaanalysis, again using the lowest r-value of the reported range, resulted in an interjudge r w of 0.84, i.e., homogeneous interjudge reliability. This was corroborated by the three studies that used Cronbach's ␣, since they all mentioned an ␣-value of 0.97. Concerning the acoustic measures, Table V provides an overview of the determinants that were used to gauge overall voice quality. As was the case for sustained vowel studies, there were considerable differences between studies' recording equipment and settings.
Meta-analysis on correlation coefficients
The results of the meta-analysis on continuous speech data are summarized in Table V and Fig. 2 . For 23 of the 26 ͑88%͒ acoustic measures cited, there was only 1 effect size available. For the remaining three acoustics determinants ͑cepstral peak prominence, smoothed cepstral peak prominence, and signal-to-noise ratio from Qi͒ there were two effect sizes ͑k =2͒. For these three markers, a r w was calculated with Meta-Analysis Programs version 5.3. The organization of the meta-analysis on acoustic measures on continuous speech is illustrated in Fig. 2 .
As in our meta-analysis on sustained vowel data, a correlation coefficient of 0.60 was chosen as the threshold to distinguish between marked and weak acoustic measures. In the first subset of 16 acoustic measures with a ͑weighted͒ effect size below 0.60, k was always equal to 1, and therefore no meta-analysis was performed. In the second subset consisting of ten acoustic measures with a ͑weighted͒ effect size equal to or above 0.60, there were three markers with k =2: signal-to-noise ratio from Qi, cepstral peak prominence, and smoothed cepstral peak prominence. Meta-analysis for these three measures yielded r w -values of 0.69, 0.88, and 0.88, respectively. Furthermore, SD res indicated that these three r w -values were based on a set of homogeneous effect sizes.
IV. DISCUSSION
The present meta-analysis assessed the relationship between acoustic measures and perceptual judgments of overall voice quality. In Buder ͑2000͒ alone, more than 100 acoustic algorithms were cited and numerous microcomputer-based software systems offering various acoustic voice quality parameters have been developed. The fact that correlations between perception of overall voice quality and acoustic measures vary substantially ͑Kreiman and Gerratt, 2000a͒ raises questions regarding the validity and usefulness of these acoustic determinants. This meta-analysis represented an attempt to synthesize the corpus of algorithms and measures, and to establish a hierarchy of acoustic markers on a statistical basis. In total, 25 study reports were included. 21 studies reported on 150 correlation coefficients for 69 acoustic measures on sustained vowels. 7 studies identified 29 correlation coefficients for 26 acoustic measures on continuous speech.
In the context of the present meta-analysis, a homogeneous r w exceeding 0.60 was judged to be a critical index. For instance, the amplitude perturbation quotient measure on sustained vowels was cited in five studies with 0.41, 0.54, 0.63, 0.50, 0.41, and 0.71 as coefficients of correlation. The single r = 0.71 value, in particular, ͑Halberstam, 2004͒ seems to identify amplitude perturbation quotient as a valid acoustic marker for overall voice quality of sustained vowels. However, the r-values from the other studies are less persuasive and the meta-analysis resulted in a smaller homogeneous r w of 0.45. In contrast to the amplitude perturbation quotient example wherein the meta-analysis resulted in a relatively weak r w of 0.45, the meta-analysis outcome of studies related to smoothed cepstral peak prominence seems to suggest a much stronger association. For instance, although Halberstam's ͑2004͒ r-value of 0.55 for smoothed cepstral peak prominence does not provide strong support for smoothed cepstral peak prominence as a valid measure of overall voice quality; combining this result with the HemanAckah et al. ͑2002͒ and the Eadie and Baylor ͑2006͒ results of r = 0.80 and r = 0.82, respectively, the final r w is 0.63, which supports smoothed cepstral peak prominence as a promising acoustic marker of overall voice quality. Based on the meta-analysis of sustained vowel studies, four measures satisfied the requirement of a homogeneous r w Ն 0.60: ͑1͒ Pearson r at autocorrelation peak, ͑2͒ pitch amplitude, ͑3͒ spectral flatness of residue signal, and ͑4͒ smoothed cepstral peak prominence. For continuous speech, three measures satisfied the criterion: ͑1͒ signal-to-noise ratio from Qi, ͑2͒ cepstral peak prominence, and ͑3͒ smoothed cepstral peak prominence. Consequently, these six measures are considered to be the most promising measures for the acoustic measurement of overall voice quality, as compared to the remaining 81 measures included in the original meta-analysis. The results of these six measures will be discussed in the next paragraphs.
The first of these six measures is Pearson r at autocorrelation peak. To obtain this measure, correlations are calculated between the voice signal and delayed versions of the same signal ͑i.e., autocorrelation͒ at time lags between the minimally and maximally expected fundamental periods. The Pearson moment-product correlation coefficient is computed at the highest peak of this autocorrelation function ͑i.e., the correlogram with "delay" or "time lag" on the abscissa and "correlation" on the ordinate͒. The rationale behind this measure is that more periodic voice signals display more prominent autocorrelation peaks, and vice versa. A perfectly periodic signal reveals a Pearson r at autocorrelation peak of 1.0, and the more the signal deviates from perfect periodicity, the more this correlation decreases ͑Hillenbrand and Houde, 1996͒. The correlation between overall voice quality and this measure of the autocorrelation function on the sound waveform has been investigated by Wolfe et al. ͑2000͒ in both male and female voices separately, yielding k = 2 and r w = 0.74. This result requires confirmation by other independent investigators to permit generalization. Although Hillenbrand and Houde ͑1996͒ indicated a correlation of 0.84 between breathiness ratings and Pearson r at autocorrelation peak for both sustained vowels and continuous speech, and concluded that Pearson r at autocorrelation peak is an accurate marker of breathiness, further corroboration of its concurrent validity is also needed. The second measure is pitch amplitude. To acquire this measure, the radiated voice signal is first inverse filtered via a linear predictive coding algorithm. The result of this inverse filtering is a residue signal, i.e., a series of impulses theoretically showing the moment of vocal tract acoustic excitation provided by glottal closure ͑permitting investigation of the signal provided by the laryngeal source instead of the entire vocal tract͒. Second, the autocorrelation function of this residue signal is calculated. Pitch amplitude is the amplitude of the maximum correlation ͑i.e., traditionally corresponding with the pitch͒ in the correlogram and consequently is considered to be a measure of the strength of voice periodicity ͑Prosek et al., 1987͒. Plant et al. ͑1997͒ investigated the correlation between this measure and overall voice quality, and Prosek et al. ͑1987͒ used pitch amplitude as a marker of both disorder severity and hoarseness in sustained vowels. These two independent studies resulted in k = 3 and r w = 0.75. Although Eadie and Doyle ͑2005͒ reported an r-value for pitch amplitude of only 0.58 when applied on continuous speech, further support for the value of measures based on inverse filtering is provided by Parsa and Jamieson ͑2001͒, who concluded that such measures are superior to perturbation measures for both continuous speech and sustained vowels. In part, Parsa and Jamieson ͑2001͒ arrived at their conclusion based on measures of diagnostic accuracy, which included the area under the ROC curve. In the case for pitch amplitude, the area under the ROC curve for sustained vowels was 0.977 ͑perfect diagnostic accuracy= 1.00͒, and the rate of correct classification between normal and pathologic voices was 93.0%. For continuous speech there was an area under ROC curve of 0.953 and a correct classification rate of 88.9%. Parsa and Jamieson ͑2001͒ stated that pitch amplitude provided the best classification accuracy among all measures extracted from continuous speech samples.
Based on the results of the meta-analysis, the third acoustic measure, which produced respectable raw correlation results, was spectral flatness of residue signal. This measure also generates the residue signal as an output of the inverse filter. The spectrum is then derived from the residue signal, and finally the distribution of the frequencies in the spectrum is computed. The flatter the spectral distribution of the residue signal, the more the harmonics are considered to be masked by noise ͑Prosek et al., 1987͒. Prosek et al. ͑1987͒ correlated spectral flatness of residue signal with both disorder severity and hoarseness separately ͑k =2͒ in sustained vowels. Our meta-analysis of these two correlation coefficients ͑derived from one study͒ yielded r w = 0.69. Although there is no confirmation from other independently generated correlations, Parsa and Jamieson ͑2001͒, who used discriminant analyses, supported the utility of spectral flatness of residue signal as a valid discriminator between normal and pathological voices. For sustained vowels, spectral flatness of residue signal showed the largest area under ROC curve ͑0.996͒ and had the highest classification accuracy ͑96.5% correct͒. For continuous speech, the area under the ROC and the discrimination accuracy were 0.928% and 85.8%, respectively. Furthermore, Parsa and Jamieson ͑2001͒ concluded that more commonly used measures ͑as jitter, shimmer, and noise-to-harmonics ratio͒ did not perform as well as measures based on linear prediction modeling and inverse filtering.
The concurrent validity of the fourth measure, signal-tonoise ratio from Qi, was investigated in continuous speech only. This measure uses linear predictive coding and inverse filtering for the decomposition of speech samples into signal ͑i.e., waveform of the original signal͒ and noise ͑i.e., waveform of the signal with a typically random Gaussian distribution after removal of resonance-based and voice-based patterns͒. The ratio between the average root-mean-square amplitudes of the signal and the noise components can then be computed to quantify the acoustic properties of disordered voices ͑Qi et al., 1999͒. Combining the independent results of Qi et al. ͑1999͒ and Eadie and Doyle ͑2005͒ leads to a homogeneous r w = 0.69 ͑k =2͒, which is promising. This measure was also examined in the studies of Parsa and Jamieson ͑2001͒. Although not as robust as pitch amplitude and spectral flatness of residue signal, signal-to-noise ratio from Qi demonstrated acceptable diagnostic precision ͑distinguishing normophonic from dysphonic individuals͒ in both sustained vowels ͑area under ROC curve: 0.945; classification rate: 81.6%͒ and continuous speech ͑area under ROC curve: 0.903; classification rate: 79.6%͒. In summary, measures and algorithms based on inverse filtering and linear prediction modeling appear to be very promising and useful in clinical settings, where patients present with heterogeneous voice qualities and severities.
The meta-analysis outcome for the fifth and sixth measures, the cepstral markers of cepstral peak prominence and smoothed cepstral peak prominence, can be summarized as follows. To obtain these two measures, one constructs a cepstrum ͑i.e., a log power spectrum of a log power spectrum, resulting in a graph with "quefrency" on the abscissa and "cepstral magnitude" on the ordinate͒. The highest cepstral peak is identified between the minimally and maximally expected fundamental period, and a linear regression line is drawn, which relates quefrency to cepstral magnitude. The difference in amplitude between this cepstral peak and the corresponding value on the linear regression line exactly below the peak determines the cepstral peak prominence. Averaging ͑i.e., smoothing͒ of the cepstrum across time and across quefrency results in a smoothed cepstrum, and the difference between the highest peak and the corresponding value on the regression line in the smoothed cepstrum is called the smoothed cepstral peak prominence. The rationale behind these measures is that the more periodic a voice signal is, the more it displays a well-defined harmonic configuration in the spectrum, and, consequently, the more the cepstral peak will be prominent ͑Hillenbrand and Houde, 1996͒. For cepstral peak prominence on sustained vowels, metaanalysis of the Wolfe and Martin ͑1997͒, the Wolfe et al. ͑2000͒ , and the Halberstam ͑2004͒ results yields a homogeneous r w of 0.50 ͑k =3͒. On continuous speech, however, meta-analysis on the findings of Halberstam ͑2004͒ and Eadie and Baylor ͑2006͒ results in r w = 0.88 ͑k =2͒. HemanAckah et al. ͑2002͒, Halberstam ͑2004͒, and Eadie and Doyle ͑2005͒ investigated smoothed cepstral peak prominence applied on sustained vowels. Meta-analysis of these three independent studies results in r w = 0.63 ͑k =3͒. Furthermore, Heman-Ackah et al. ͑2002͒ and Halberstam ͑2004͒ also provided correlation coefficients for continuous speech, which results in a homogeneous r w = 0.88 ͑k =2͒ after metaanalysis. In summary, on the basis of this meta-analysis, the two cepstral measures, and smoothed cepstral peak prominence, in particular, can be viewed as potentially the most accurate acoustic algorithms or single correlates of overall voice quality. Additional evidence for the validity of cepstral measures can be found in Hillenbrand and Houde ͑1996͒, who found that cepstral peak prominence was among the most robust correlates of breathiness in sustained vowels as well as in continuous speech. Other studies confirming this conclusion were conducted by de Krom ͑1993͒, who stated that cepstrum-based harmonics-to-noise ratio was a strong marker of both roughness and breathiness in sustained vowels. Dejonckere and Wieneke ͑1996͒ found a correlation of 0.80 between overall severity of hoarseness and the amplitude of highest rahmonic ͑also known as cepstral peak magnitude͒. The magnitude of this correlation far exceeded the correlation of the other acoustic measures in their study ͑jit-ter ratio, relative noise level above 6 kHz, and mean harmonic emergence between 0.5 and 1.5 kHz͒. In a later study using factor analysis, Dejonckere ͑1998͒ reported that cepstral peak magnitude is negatively affected by irregularity in vocal fold vibration as well as by excessive glottal air leakage, bolstering the assertion that cepstral peak magnitude is sensitive to aspects that potentially contribute to overall dysphonia severity. Heman-Ackah et al. ͑2003͒ investigated the diagnostic validity of smoothed cepstral peak prominence on sustained vowels and continuous speech and of amplitude perturbation quotient, percent jitter, noise-to-harmonics ratio from MDVP, relative average perturbation, and smoothed pitch perturbation quotient on sustained vowels only. They concluded that the smoothed cepstral peak prominence measures are good correlates of dysphonia and that, on average, smoothed cepstral peak prominence on continuous speech performed better on measures of diagnostic precision such as sensitivity, specificity, positive predictive value, and negative predictive value, as compared to traditional time-based measures of perturbation. They concluded that smoothed cepstral peak prominence "are reliable measures that should become routine in objective voice analysis" ͑p. 332͒. Finally, Awan and Roy ͑2006͒ conducted a study in which they used a cepstral measure they called expected cepstral peak prominence in a multiple regression procedure. This measure actually is the ratio of the cepstral peak prominence to the expected amplitude of the cepstral peak based on linear regression. It is very similar to the cepstral peak prominence measure described by Hillenbrand and Houde ͑1996͒. Awan and Roy ͑2006͒ indicated that expected cepstral peak prominence "may be the most significant component" ͑p. 44͒ contributing to their four-factor model for measuring dysphonia severity. Collectively, measures derived from the cepstrum ͑such as cepstral peak prominence and smoothed cepstral peak prominence͒ can be used in sustained vowel as well as continuous speech samples because they do not rely on accurate fundamental period detection ͑Hillenbrand and Houde, 1996; Heman-Ackah et al., 2003͒ , and they can be easily implemented in clinical settings.
From the discussion above it is apparent that four of these six most promising acoustic measures share one interesting feature, i.e., they all measure what might be called "periodicity prominence." Cepstral peak prominence and smoothed cepstral peak prominence are two very similar measures initially introduced for pitch detection in speech signals via the cepstral method, and pitch amplitude and Pearson r at autocorrelation peak are two similar measures frequently applied for pitch determination via the autocorrelation function. Both the quefrency of the first rahmonic and the lag time of the highest autocorrelation peak within a specific analysis window correspond with the fundamental frequency; and, the height of these cepstral and autocorrelation peaks is related to the prominence of the fundamental frequency ͑i.e., periodicity͒ in the voice signal ͑Hillenbrand et al., 1994͒. Based on the outcome of the present metaanalysis, it thus can be assumed that overall voice quality and dysphonia severity are mainly determined by periodicity dominance, and that factors attenuating periodicity of the voice signal also contribute to the perception of increased dysphonia. Furthermore, it is important to note that there are many other measures of periodicity prominence available to clinicians, such as the ubiquitous pitch and amplitude perturbation measures often generated automatically by most commercially available signal processing software. However, the important advantage of these four measures over the commonly used voice perturbation measures resides in their methods to assess periodicity, namely, they do not demand cycle boundary identification for fundamental frequency detection in the time-domain.
In addition to these six k Ͼ 1 measures with r w Ն 0.60, there were many k = 1 measures. However, because a high correlation in one study can be offset by a low correlation in another study ͑and vice versa͒, caution is warranted when interpreting the outcome of a solitary r, and this applies to all acoustic measures with k =1 ͑e.g., r = 0.93 for normalized mean absolute period shimmer on sustained vowels or r = 0.26 for frequency-domain harmonics-to-noise ratio on continuous speech͒. Without further confirmation, replication, or evidence rejecting the presented r-values, it is difficult to place these results in context, and impossible to draw firm conclusions regarding these k = 1 measures at this point in time.
Interestingly, the measures that were investigated most often ͑with k Ն 5͒ were the perturbation measures ͑amplitude perturbation quotient, percent jitter, percent shimmer, and relative average perturbation͒, the noise measure noise-toharmonics ratio from MDVP, and voice range profile measure phonatory fundamental frequency range ͑see Table V͒ . Except for the phonatory fundamental frequency range, these time-domain perturbation measures also appeared to be most frequently used in voice clinics ͑De Bodt, 1997͒. Percent jitter is a measure of fundamental frequency or period perturbation. It measures the mean difference in fundamental frequency of adjacent periods relative to the mean fundamental frequency of all periods in the voice recording ͑Buder, 2000͒. Relative average perturbation is also a measure of fundamental frequency perturbation. This measure is similar to percent jitter, but uses a moving three-point smoothing and normalization to average the period before computing the mean deviation in period relative to the mean period of all periods ͑Buder, 2000͒. Percent shimmer, another measure similar to percent jitter, measures amplitude perturbations by computing the mean deviation in amplitude between adjacent cycles relative to the mean amplitude of all cycles ͑Buder, 2000͒. Amplitude perturbation quotient is another amplitude perturbation measure, but instead of working with adjacent cycles as percent shimmer, it first averages the amplitude of a moving number ͑i.e., an odd integer greater than 1͒ of successive cycles before calculating the mean deviation in amplitude between cycle groups relative to the mean amplitude of all cycles ͑Buder, 2000͒. These perturbation measures are traditionally linked to the measurement of irregular voice fold vibrations. The noise-to-harmonics ratio from MDVP is a spectral measure that computes the ratio of the betweenharmonic spectral magnitudes in the range from 1500 to 4500 Hz to the harmonic spectral magnitudes in the range from 70 to 4500 Hz ͑Buder, 2000͒. This measure is classically associated with measurements of additive noise at the level of the glottis. The phonatory fundamental frequency range in the voice range profile is one of the measures of the dispersion of the fundamental frequency and consists of subtracting the lowest from the highest possible fundamental frequency ͑Buder, 2000͒. According to De Bodt ͑1997͒, who reviewed literature between 1991 and 1995, these are the most frequently mentioned measures in voice literature ͑ex-cept for F 0 and amplitude measures͒. Yet, on sustained vowels, these measures did not yield r w Ն 0.60. Regarding jitter, meta-analysis yielded homogeneous r w of 0.47, 0.49, 0.52, and 0.52 for absolute jitter, percent jitter, relative average perturbation, and pitch perturbation quotient, respectively. Absolute jitter is the mean of the differences between the period and the fundamental frequency of adjacent cycles ͑Buder, 2000͒. Pitch perturbation quotient is the same as relative average perturbation, but with a smoothing factor of 5 cycles ͑Buder, 2000͒. Similarly, the meta-analysis for shimmer resulted in a homogeneous r w of 0.45 for shimmer in decibel and amplitude perturbation quotient, and a heterogeneous r w of 0.52 for percent shimmer. Regarding noise-toharmonics ratio from MDVP, the measure most frequently encountered, a heterogeneous r w of 0.45 was found. On continuous speech, there was a solitary correlation of 0.62 and 0.75 for percent shimmer and relative average perturbation, and 0.37 and 0.13 for phonatory fundamental frequency range and noise-to-harmonics ratio from MDVP, respectively. Measures related to the voice range profile yielded a r w of maximally 0.43. In general, the results of this metaanalysis confirm the apparent inferiority of perturbation measures as compared to other measures that do not depend on accurate identification of cycle boundaries. This conclusion supports the findings of Parsa and Jamieson ͑2001͒, and is confirmed by Kreiman and Gerratt ͑2005͒, who concluded that "the associations between jitter, shimmer, and perceived voice quality are not sufficiently explanatory to justify continued reliance on jitter and shimmer as indices of voice quality" ͑p. 2209͒. As mentioned previously, F 0 and amplitude perturbation measures are especially susceptible for the influence of type of microphone and microphone location relative to the sound source, type of hardware, processing algorithms, measurement algorithms, and software settings such as sampling rate and fundamental period extraction. Furthermore, F 0 and amplitude perturbation measures are not sensitive to differences in glottal waveform shape and additive glottal noise, and appear only reliable in nearly periodic voice signals ͑Titze, 1995; Parsa and Jamieson, 2001͒. This meta-analysis, combined with previous studies, seems to confirm that measures that do not rely on the extraction of the fundamental period in their calculation such as smoothed cepstral peak prominence, Pearson r at autocorrelation peak, and pitch amplitude produce stronger relationships with perceptual judgments of overall severity of dysphonia in sustained vowels as well as continuous speech, and deserve further attention in clinical circles ͑Hillenbrand and Houde, 1996; Parsa and Jamieson, 2001͒.
A. Caveats and limitations
There are several limitations regarding the present metaanalysis that not only restrict the generalizability of the findings, but also provide a direction for future research. It is important to acknowledge that current acoustic measures might not be sensitive measures of perceived voice quality because of limitations of their algorithms and the theoretical models on which they are based. First, this meta-analysis concentrated on the relationship between acoustic markers and overall voice quality. Additional meta-analytic research is needed to address the relationship between acoustic measures and specific vocal quality attributes, such as breathiness and roughness. Meta-analytic techniques may improve the resolution regarding which acoustic measures best track these specific voice qualities.
Second, the present meta-analysis was restricted to reports and findings based on correlation coefficients. Beyond the 69 acoustic measures on sustained vowels and the 26 measures on continuous speech, other acoustic measures have been discussed in literature. But because correlation coefficients were not available for these measures, the value of these markers in voice quality measurement and their relative validity in comparison to the aforementioned markers remains unclear. Future meta-analyses should potentially explore other effect size measures, aside from the correlation coefficient, to investigate the validity of these acoustic markers.
Third, overall voice quality can be investigated with measures other than acoustic measures. For example, certain aerodynamic measures could also be worth exploring within this context, and thus meta-analysis investigating the association between aerodynamic measures and perceptual voice quality measurement is recommended.
Fourth, the interpretation of the findings of the present meta-analysis is complicated by variability related to different data acquisition systems. While the influence of factors such as microphone type and placement, environmental noise, software, etc., on the outcomes of perturbation mea-sures has already been investigated, the impact of these factors on other measures such as cepstral peak prominence and pitch amplitude remains unclear. Additional exploration of the impact of data acquisition systems and environments on the outcomes of these measures is warranted. Fifth, the relationship between the auditory-perceptual rating and the acoustic measurement of overall voice quality relies greatly on the rationale and algorithm underlying the acoustic measure. However, as previously discussed, unreliability of listener ratings introduces perceptual noise and consequently tends to handicap the acoustic ͑or other͒ measurement of voice quality. While suggestions to improve rater reliability exist ͑e.g., Kreiman and Gerratt, 2000b; Eadie and Doyle, 2002; Bele, 2005; Eadie and Baylor, 2006; Yiu et al., 2007; Kreiman et al., 2007͒ few studies have estimated the true ͑absolute͒ impact of listener unreliability on the correlation between perception and acoustic measures. Furthermore, there is no universal standard distinguishing an acceptable from an unacceptable reliability estimate. Future research should address the criteria used to determine what precisely constitutes an acceptable level of listener reliability, and the impact of such criteria on the validation of acoustic voice quality measures.
Sixth, an important caveat is related to the low number of correlation coefficients ͑i.e., the k statistic͒ available for many of the acoustic measures in this meta-analysis. Because of k = 1, no weighted average correlation coefficient could be calculated for 33 of the measures on sustained vowels ͑47.8%͒ and for 23 of the measures on continuous speech ͑88.5%͒. However, as long as the extant literature lacks corroborating evidence from multiple, independent correlational studies, no firm conclusions can be made regarding this very diverse and idiosyncratic set of k = 1 acoustic measures. Although impressive correlations with dysphonia severity have been reported for some of these k = 1 measures in sustained vowels ͑e.g., r = 0.88 for normalized noise energy͒ as well as continuous speech ͑e.g., r = 0.75 for relative average perturbation͒, equally poor correlations have been reported for others, such as r = 0.01 for soft phonation index for sustained vowels, and r = 0.01 for perturbation magnitude for connected speech. There were also several k Ͼ 1 measures with restricted interpretative value, because although multiple r-values were reported, they were derived from the same study report. For instance, the two correlations on which the meta-analyses on Pearson r at autocorrelation peak ͑Wolfe et al., 2000͒ and spectral flatness of residue signal ͑Prosek et al., 1987͒ were based actually originated from the single studies of Wolfe et al. ͑2000͒ and Prosek et al. ͑1987͒ , respectively. Furthermore, two of the three effect sizes in the meta-analysis on pitch amplitude also originated from the single study of Prosek et al. ͑1987͒ . Because these are not replications per se, the generalizability of the meta-analytic evidence for these three measures is also limited. Therefore, like the k = 1 scenario, further research/replication is also needed to corroborate the performance of these three acoustic measures.
V. CONCLUSIONS
The above-stated limitations notwithstanding, measures for which the meta-analysis resulted in a homogeneous r w of at least 0.60, are Pearson r at autocorrelation peak, pitch amplitude, spectral flatness of residue signal, and smoothed cepstral peak prominence on sustained vowels; and signalto-noise ratio from Qi, cepstral peak prominence, and smoothed cepstral peak prominence on continuous speech. However, only the smoothed cepstral peak prominence withstanded all criteria demanded by this meta-analytic approach: multiple r-values, derived from multiple study reports, leading to homogeneous r w Ն 0.60 in both sustained vowels and continuous speech. This cepstral metric thus can be regarded as the most promising and perhaps robust acoustic measure of dysphonia severity. Tables IV and V present a hierarchy of the numerous outcomes of acoustic markers measuring overall voice quality, but the reader is directed to the height of r or r w as a quantity-based overview of the domain of acoustic voice quality measurement. Furthermore, the tables show the relative position of a given acoustic measure according to its concurrent validity as a measure of overall voice quality. In this regard, the present meta-analysis was able to effectively distil an extremely large number of potential acoustic measures to a subset of strong independent variables. This should be particularly informative for voice practitioners in clinical settings who are faced with software packages that automatically generate a daunting number of acoustic measures ostensibly aimed to quantify dysphonia severity and track voice change following intervention. The present metaanalysis confirmed that not all acoustic measures are created equal with respect to these clinical goals.
